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Introduction

The Rho family small GTPases function as molecular switches that control the signal flows
from a variety of cell surface receptors and cellular tumor suppressors. Among the panel of

receptors and tumor suppressors that require Rho family GTPases to relay signals leading to

mammary cell transformation and metastasis, the epidermal growth factor receptor, the erbB-2 gene
product, the colony stimulating factor-I receptor, the cell adhesion receptor integrins, and the PTEN

and p53 tumor suppressors are the prominent ones. Overexpression or mutation of these receptors
and many signal transducers downstream of these receptors, as well as genetic defects in PTEN or
p53 tumor suppressor, are known to correlate with breast carcinogenesis. We hypothesized that in
breast cancer cells overexpressing or bearing mutations of one of the oncogenic receptors, Ras
proteins, Rho-specific activators (guanine nucleotide exchange factors) or the PTEN or p53 tumor

suppressors, a higher percentage of Rho family members, Rho, Rac or Cdc42, would be in the active

state. Determination of the activation states of these GTPases in breast tumors and defining which
tumor types show increased Rho, Rac, or Cdc42 activation may lead the way in the search for a

direct connection between Rho pathways and breast cancer genesis, and may provide novel
treatment strategies targeted at the Rho signaling components. We have utilized the Rho GTPase

effector pulldown method to measure the activation state of endogenous Rho family GTPases in the

oncogenic and mitogenic pathways of model cell systems and have succeeded in implicating

multiple gain of oncogenic function or loss of tumor suppressor function in activating Rho GTPases

under pathologically relevant situations.

In the initial proposal we planed to further screen a panel of breast cancer specimens for
RhoA, Rac I and Cdc42 activities to tie the cellular studies with primary tumor situations. During a
lengthy transfer period from my former institution (University of Tennessee) to my current

institution (Cincinnati Children's), however, we have lost both precious time and sample specimens
in addition to expert manpower (it took us over one year to obtain authorization to transfer this grant

during which time all related work had to be suspended). Nonetheless, we have made significant
progress in achieving the major goals of the original proposal as described below.
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Body

The first two aims (Task I and Task 2) were proposed for months 1-10 and months 6-24 of

the funding period. Specifically, we have proposed to determine which p21-binding domains

(PBDs) of effectors are most suitable for the detection of activated RhoA and Rac1 (Task 1) and to

begin to apply the efector PBD-binding assay to the examination of endogenous Rho family

GTPases in mitogen-stimulated or oncogene-transformed cells (Task 2). Such studies are necessary

for later investigation of the potential involvement of Rho pathways in transducing

mitogenic/oncogenic signals in mammary cells and in breast cancer specimens. To this end, we

have mostly completed the tasks as we proposed. In the proposal we planned to further screen a

panel of breast cancer specimens for RhoA, Racl and Cdc42 activities to tie the cellular studies with

primary tumor situations (Task 3). During a lengthy grant transfer period from my former institution

(University of Tennessee) to my current institution (Cincinnati Children's), however, we have lost

both precious time and sample specimens in addition to expert manpower (it took us over one year to

obtain authorization to transfer this grant during which time all related work had to be suspended).

As a result Task 3 has not been completed on time as planned.

1. Activation and translocation of Cdc42 and Racl by mitogenic and adhesion signals.

The Rho family GTPases Cdc42 and RacI are important signal transducers of many receptor-

initiated pathways (1, 2) and are regulated by mitogenic signals such as bradykinin and PDGF as

well as by adhesion (3. 4, 5). We have investigated the relationship between membrane

translocation and activation of endogenous Cdc42 and RacI in response to mitogenic and integrin

stimulation. The mitogen bradykinin induced translocation of Cdc42 and Racl to a membrane

fraction of Swiss 3T3 cells within two minutes, which correlated with the activation kinetics of the

GTPases. PDGF treatment of the cells induced rapid translocation and activation of Rac I but not

Cdc42 within 30 seconds. The activation of Cdc42 and RacI appeared to precede actin microspike

formation or membrane ruffle induction of the cells. However, the translocated GTPases were found

to remain membrane bound for a much longer time course than their activation status, suggesting

that a deactivation event occurs at the membrane level. Cell adhesion on fibronectin matrix resulted

in transient activation of both Cdc42 and RacI, and caused a partial inhibition of bradykinin or

PDGF effect on the small G-proteins. Pretreatment of the cells with genistein or wortmannin

significantly reduced the bradykinin, PDGF, or fibronectin stimulated Cdc42 or RacI activity,
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indicating that both tyrosine kinase and P13 kinase are required elements of the small G-protein

pathways. Finally, Cdc42 and Racl activation by bradykinin were abolished by pertussis toxin

treatment, whereas the outcome by the PDGF or integrin treatment was unaffected. These results

suggest that mitogenic agonist and integrin mediated signals are integrated at the small G-protein

level, and tyrosine kinase, P13 kinase, and/or heterotrimeric G-proteins are intimately involved in the

Cdc42 and RacI activation process.

2. Examination of proto-Dbl guanine nucleotide exchange activity in cells.

The Abl oncogene encodes a prototype member of the Rho GTPase guanine nucleotide

exchange factor (GEF) fanmily (9). Oncogenic activation of proto-Dbl occurs through the truncation

of N-terminal 497 residues (10). The C-terminal half of proto-Dbl includes residues 498-680 and

710-815 that fold into the Dbl homology (DH) domain and the pleckstrin homology (PH) domain,

respectively, both of which are essential for cell transformation via the Rho GEF activity or

cytoskeletal targeting function (11). We have investigated the mechanism of the apparent negative

regulation of proto-Dbl imposed by the N-terminal sequences, employing the GST-effector pull

down assays to detect the effect of various proto-DbI constructs on the endogenous Rho GTPase

activities (12). Deletion of the N-terminal 285 or C-terminal 100 residues of proto-Dbl did not

significantly effect on either its transforming activity or GEF activity, while removal of the N-

terminal 348 amino acids resulted in a significant increase in both transformation and GEF potential.

Together with other cell biology evidence, our findings unveiled an autoinhibitory mode of

regulation of proto-Dbl that is mediated by the intramolecular interaction between its N-terminal

sequences and P1i domain, directly impacting on both the GEF function and intracellular distribution

(reprint enclosed in Appendix).

3. Modulation of RhoA activity in epithelial cells by Na,K-ATPase.

The mechanism by which the formation of tight junctions and desmosomes are regulated in

polarized epithelial cells are not well understood (13-14). Such mechanism may be tightly

associated with mammary epithelial transformation (15). In collaboration with Dr. A. K.

Rajasekaran's laboratory (UCLA), we have investigated the involvement of RhoA GTPase in Na,K-

ATPase mediated assembly of tightjunctions and desmosomes in MDCK cells (16). We found that

an increased sodium level caused by the inhibition of Na,K-ATPase prevents the formation of tight

junctions and desmosomes and this effect is negatively correlated with the endogenous RhoA
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activity. Furthermore, we showed that the Na,K-ATPase ion transport function and suppression of

cell motility are separate events that require P13 kinase and Racl activities (17). The results indicate

that the intracellular sodium level maintained by the Na,K-ATPase is an upstream regulator of P13

kinase and Rac l/RhoA function in epithelial cells and might play a crucial role in the biogenesis of

polarized epithelia, cell motility regulation and ion transport (see attached reprint/preprint).

4. Genetic deletion of the Pten tumor suppresor gene promotes cell motility by activation of

Racl and Cdc42 GTPases.

Aside from examining the cellular functions of Rho proteins in the oncogene/mitogen

stimulated clonal cell systems, we were interested in determining the contribution of Rho GTPases

to cell behaviors in primary cells with a defined genetic background that might better represent

tumor cells. We reasoned that since no constitutively active mutations of Rho GTPases were found

in human tumors, Rho might play a role as transducer of mitogenic "second hit" in tumor induction

to mediate or cooperate with an established "first hit" that are frequently associated with cancer.

One likely "first hit" could be the defect of tumor suppressors such as PTEN, p53 or pRb, loss of

function of which are known to be associated with a wide variety of human tumors.

Pien is a recently identified tumor suppressor gene which is deleted or mutated in a variety of

primary human cancers including breast cancer (6). Pten has been implicated in controlling cell

migration, among other functions, but the exact mechanism is not very clear (7). In collaboration

with Dr. Hong Wu's laboratory (UCLA), we have shown that Pten deficiency led to increased cell

motility (8). Significant increases in the endogenous activities of Racl and cdc42, two small

GTPases involved in regulating the actin cytoskeleton, were observed in Pten-/- cells.

Overexpression of dominant negative mutant forms of Racl and cdc42 reversed the cell migration

phenotype of Pten-/- cells. These studies suggest that Pten negatively controls cell motility by

down-regulating Rac I and Cdc42 (reprint enclosed in Appendix).

5. The p19Arf-p53 tumor suppressor pathway suppresses cell migration by downregulating

P13K and Rho/Rac activities

The p 1 9 Art-p 5 3 and p27KiP -Rb tumor suppressor pathways play a critical role in cell-cycle

checkpoint control and/or apoptosis (18). By using primary MEFs that lack Arf, p53, Kip] or Rb, we

have studied the involvement of the pl9Arf-p53 pathway in the regulation of cell motility and its

relationship with Rho GTPases (19). In subconfluent culture and serum free conditions, a significant
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percentage of the p1 9 Ar, or p53 deficient cells appeared to be in a round shape and displayed intense

cortical actin staining, while the p2 7Kipl- or pRb-deficient cells were similar to wild type MEFs in

morphology and actin structure. Both p19 Arf- and p53-deficient cells produced long trails, while the

Kip] and Rb knock out cells were similar to the wild type cells, showing no sign of movement in the

experimental conditions. In a wound healing assay the Arf/ and p53-- cells migrated about two folds

faster than the wild type, KiplU or Rb' cells under the low serum conditions at which the difference

in cell growth was less than 10%. When p 1 9 Arf and p53 were reintroduced into Arfb- and p5 3 /" cells,

respectively, by retroviral induction, the migration phenotype of these cells were fully reversed.

Moreover, the Gln22/Ser23 mutant of p53 was able to rescue the migration phenotype of p53/ cells

similarly as wild type p53, but the His175 mutant which is defective in DNA binding was inactive.

Thus, deletion of Arfand/or p53, but not Kip] or Rb, led to actin cytoskeleton reorganization and a

significant increase in cell motility, and a transcriptional event of p53 is involved in this process.

To begin to understand the molecular mechanism underlying this observation, we have made

a discovery that the endogenous P13-kinase and RhoA/Racl activities were significantly elevated in

the Arf-/- and p53-1- cells, and these activities are required for p 19 Arf*- and p53-regulated migration.

Reintroduction of the wild type Arf orp53 gene into the Arf-/- orp53-/- cells reversed the P13K and

Racl/RhoA activities as well as the migration phenotype (19). These results suggest a functional

relationship between the p53 tumor suppressor pathway and the P13 kinase-Rho GTPase signaling

module that controls actin structure and cell motility and show that p 1 9 Arf and p53 negatively

regulate cell migration by suppression of P13K and Racl/RhoA activities (reprint in the Appendix).

6. Rho GTPases contribute to the cell growth regulation by p53 and cooperate with p53-

deficiency to promote primary MEF transformation

Since deletion ol' the pl 9 Arf or p53 gene resulted in a significant increase in RhoA and RacI

activities in primary MEFs. we sought to dissect the contribution of the Rho GTPases to the cell

growth and gene transcription phenotypes of the p19 Arf and p53 deficient cells (20). We found that

(1) p19^Ar or p53 deficiency led to a significant increase in P13 kinase activity which in turn

upregulated Racl and RhoA activities; (2) deletion ofpl9Arforp53 led to an increase in cell growth

rate that was in part dependent on RhoA as well as Rac and Cdc42 activities; (3) pl9 Arf or p53

deficiency caused an enhancement of the growth related transcription factor NF-kB and cyclin D1

activities which appeared to be partly dependent on RhoA and Cdc42 but not Racl; (4) forced

expression of a fast cycling or constitutively active mutant of RhoA, as well as Racl and Cdc42,
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could further promote the p53- and Arf'* cell proliferation and caused transformation of both cells;

(5) multiple pathways regulated by RhoA including that of ROCK might be required for RhoA to

fully promote the transformation of p53- cells; and (6) RhoA may contribute to the p53-regulated

cell proliferation by modulating cell cycle machinery while hyperactivation of RhoA further

suppressed a p53-independent apoptotic signal. These results provide strong evidence indicating

that signals through the Rho family GTPases contribute to the cell growth regulation by pl9Arfand

p53. Furthermore, the fact that RhoA can synergize with p1 9 Arf or p53 defect to promote primary

cell transformation suggests that mitogenic/oncogenic signals stimulating Rho pathways may serve

as potentail "second hits" to cooperate with p53-pathway defect in inducing tumorgenesis (reprint in

the Appendix).

7. Development of a novel strategy targeting Rho GTPase activity in tumor cells

Given the implication of the signaling pathways mediated by Rho GTPases in many aspects

of tumor cell biology (21), we have begun to design novel approaches targeting at Rho that might be

applicable to tumor cells. Recently we have developed a strategy to specifically target individual

Rho GTPase by utilizing the negative regulatory role of Rho GAPs (22). Because unlike Ras,

upregulation or overexpression of Rho GTPases, but not constitutively activative mutations, has

been associated with human cancer, we reasoned that the GTPase-activating function of Rho GAP

domain could be explored to downregulate Rho GTPase activity if it is properly targeted to the

intracellular locations where individual active Rho GTPase resides. As a demonstration of principle,

we have shown that a set of chimeric molecules could be generated by fusing the RhoGAP domain

of p190, a GTPase-activating protein that accelerates the intrinsic GTPase activity of the three

closely related Rho GTPases. RhoA, RhoB and RhoC, with the C-terminal hypervariable sequences

of the Rho GTPases, to specifically target RhoA, RhoB or RhoC function. The p190-Rho chimeras

were active as GAPs toward the Rho proteins in vitro, colocalized with the respective Rho proteins

and specifically downregulated Rho protein activities in cells depending on which Rho GTPase

sequences were included in the chimeras. In particular, the p190-RhoA chimera was able to

specifically inhibit the RhoA activity in cells and block the RhoA-induced cell transformation

whereas the p l90-RhoC chimera specifically reversed the migration phenotype induced by RhoC

activation and was effective in reversing the anchorage-independent growth and invasion

phenotypes caused by RhoC overexpression in HME-RhoC breast cancer cells, and in inhibiting the

migration and invasion phenotypes attributed to RhoC upregulation in the highly metastatic A375-M
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human melanoma cells (22). Thus, we have developed a novel strategy utilizing RhoGAP-Rho

chimeras to specifically downregulate individual Rho protein activity and have shown that this

approach could be applied to multiple human tumor cells to reverse the growth and/or invasion

phenotypes associated with deregulation of a distinct subtype of Rho GTPase (reprint in the

Appendix).
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Key Research Accomplishments

- Established that the Rho GTPase-interactive effector domains of WASP, PAKI, and Rhotekin

constitute the activation-state specific probes for Cdc42, Rac, and Rho that can be utilized to detect

endogenous Cdc42-GTP, Rae I-GTP, and RhoA-GTP species, respectively.

- Applied GST-WASP, GST-PAKI and GST-Rhotekin probes to NIH 3T3 cells transfected with

various proto-Dbl oncogene products to reveal the activation states of Cdc42 and RhoA that were

regulated by proto-Dbl derivatives, suggesting that residues 286 to 482 of proto-Dbl are involved in

an autoinhibition mechanism.

- Applied GST-WASP, GST-PAK I, and GST-Rhotekin to the tumor-suppressor, PTEN, pl9Arf or

p53, knock-out mouse embryonic fibroblasts to determine that the three major Rho GTPase activities

become upregulated in the respective systems, which correlate with increased motility and/or

proliferation of the cells, suggesting that PTEN, pl9Arf and p53 negatively control cell motility and

growth by suppressing P13 kinase activity and down-regulating RhoA, RacI and Cdc42. These

studies implicate the Rho GTPases in the loss of tumor suppressor phenotypes for the first time and

may have important potential in putting Rho GTPases on the novel anti-cancer target list.

- Applied GST-Rhotekin and GST-PAKI to an epithelial cell system to determine that inhibition of
Na,K-ATPase negatively regulates RhoA and positively regulates RacI, which may in turn affect the

formation of tight junctions and desmosomes as well as ion transport function.

- Development of a RhoGAP-based targeting strategy toward individual Rho GTPases in tumor

cells.

- Part of the support from this grant allowed me to write two review articles published in TiBS and

Trends Cell Biol.
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Reportable Outcomes

1. Liliental, J., Moon, S. Y., Lesche, R., Mamillapalli, R., Gavrilova, N., Zheng, Y., Sun, H., and
Wu, H. (2000) Genetic deletion of the PTEN tumor suppresor gene promotes cell motility by
activation of RacI and Cdc42 GTPases. Curr. Biol. 10, 401-404.

2. Bi, F., Debreceni, B., Zhu, K., Salani, B., Eva, A, and Zheng, Y. (2001) Autoinhibition
mechanism of proto-Dbl. Mol. Cell. Biol. 21, 1463-1474.

3. Rajasekaran, S. A., Palmer, L. G., Moon, S. Y., Soler, A. P., Apodaca, G. L., Harper, J. F.,
Zheng, Y., and Rajasekaran, A. K. (2001) Na,K-ATPase Activity Is Required for Formation of
Tight Junctions, Desmosomes, and Induction of Polarity in Epithelial Cells. Mol. Biol. Cell 12,
3717-3732.

4. Zheng, Y. (2001) Dbl family guanine nucleotide exchange factors. Trends Biochem. Sci. 26,
724-732.

5. Moon, S. Y. and Zheng, Y. (2003) Rho GTPase-activating proteins in cell regulation. Trends
Cell Biol. 13, 14-23.

6. Guo, F., Gao, Y., Wang, L., and Zheng, Y. (2003) p19Arf-p53 tumor suppressor pathway
regulates cell motility by suppression of P13 kinase and Rac activities. J. Biol. Chem. 278,
14414-14419.

7. Wang, L., Yang, L., Luo, Y., and Zheng, Y. (2003) A novel strategy for donwregulating
individual Rho GTPase activities in tumor cells. J. Biol. Chem. 278, 44617-44625.

8. Guo, F., and Zheng, Y. (2004) Involvement of Rho family GTPases in pl9Arf or p53
mediated proliferation of primary mouse embryonic fibroblasts. Mol. Cell Biol. 24, 1426-1428.
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Rajasekaran, A. K. (2004) Multiple functions of NaK-ATPase: role in P13 kinase signaling and
suppression of cell motility. Submitted
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Conclusions

Rho GTPase signaling pathways have begun to be appreciated to play roles in breast

carcinogenesis. To establish a causal link between activation of individual Rho GTPase activities

and certain aspects of breast cancer development, we have started to search for an effect on Rho

GTPase activities in mitogenic conditions, and in various potential pathological situations that

may be connected to mammary cell transformation and metastasis. As stated in this final report,

we have established a method using the Rho GTPase-interactive effector domains of WASP,

PAKI, and Rhotekin to quantitatively define the activation-states of Rho family members Cdc42,

Rac, and Rho in cells, and have applied this method to a number of cellular conditions which are

potentially related to mammary tumorigenesis: (1) in a Swiss 3T3 model cell system to determine

the activation kinetics of endogenous Cdc42 and RacI in response to the mitogen, bradykinin or

PDGF, stimulation; (2) in NIH 3T3 cells transfected with various proto-Dbl oncogene products to

reveal the activation states of Cdc42 and RhoA that were regulated by proto-Dbl derivatives,

suggesting that residues 286 to 482 of proto-Dbl are involved in an autoinhibition mechanism; (3)

in the tumor-suppressors. PTEN, p l9Arf and p53, knock-out mouse embryonic fibroblasts to

determine that all three major Rho GTPases activities become upregulated in the systems due to

elevated P13 kinase activity, that correlate with increased motility, proliferation, transformation

and/or invasion of the cells. Our results suggest that the commonly mutated tumor suppressors

such as PTEN, pl9Arfaand p53 negatively control cell motility and proliferation by down-
regulating Rho GTPase activities and genetic defects of these critical tumor suppressors may

cause mammary cancer in part through increased Rho GTPase signaling; (4) in an epithelial cell

system to determine that inhibition of Na,K-ATPase negatively regulates P13 kinase and

subsequently Racl activity, which may in turn affect the formation of tightjunctions and

desmosomes as well as ion transport function; (5) we have begun to design new strategies

targeting at individual Rho GTPases to reverse breast tumor cell phenotypes. One particular

effort has been by utilizing the RhoGAP-Rho GTPase fusion chimeras that could specifically

downregulate specific submembers of Rho GTPases. These studies are significant since the

findings have further confirmed the involvement of Rho GTPases in diverse physiological and

pathological situations that may contribute to oncogenesis. The results obtained also strengthened

our long term goal to implicate specific Rho GTPases in breast cancer development, and to devise
novel anti-cancer therapeutics targeting individual Rho pathways.
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The dbl oncogene encodes a prototype member of the Rho GTPase guanine nucleotide exchange factor (GEF)
family. Oncogenic activation of proto-Dbi occurs through truncation of the N-terminal 497 residues. The
C-terminal half of proto-Dbl includes residues 498 to 680 and 710 to 815, which fold into the Dbl homology
(DH) domain and the pleckstrin homology (PH) domain, respectively, both of which are essential for cell
transformation via the Rho GEF activity or cytoskeletal targeting function. Here we have investigated the
mechanism of the apparent negative regulation of proto-Dbl imposed by the N-terminal sequences. Deletion of
the N-terminal 285 or C-terminal 100 residues of proto-Dbl did not significantly affect either its transforming
activity or GEF activity, while removal of the N-terminal 348 amino acids resulted in a significant increase in
both transformation and GEF potential. Proto-Dbl displayed a mostly perinuclear distribution pattern, similar
to a polypeptide derived from its N-terminal sequences, whereas onco-Dbl colocalized with actin stress fibers,
like the PH domain. Coexpression of the N-terminal 482 residues with onco-Dbl resulted in disruption of its
cytoskeletal localization and led to inhibition of onco-Dbl transforming activity. The apparent interference with
the DH and PH functions by the N-terminal sequences can be rationalized by the observation that the
N-terminal 482 residues or a fragment containing residues 286 to 482 binds specifically to the PH domain,
limiting the access of Rho GTPases to the catalytic DH domain and masking the intracellular targeting
function of the PH domain. Taken together, our findings unveiled an autoinhibitory mode of regulation of
proto-Dbl that is mediated by the intramolecular interaction between its N-terminal sequences and PH
domain, directly impacting both the GEF function and intracellular distribution.

The proto-Dbl protein is the prototype member of a large GTPases blocks their transforming activity (20, 23, 32, 52):

family of guanine nucleotide exchange factors (GEFs) for Rho mutants of the GEFs that are no longer able to interact or

GTPases (8, 50). Oncogenic activation of proto-Dbl occurs by activate Rho protein substrates behave dominant-negatively in
truncation of the amino-terminal 497 residues (41), resulting in cells (46, 54); and many cellular activities induced by Dbl
constitutively active carboxyl-terminal sequences that include a family proteins, such as actin cytoskeleton reorganization,
Dbl homology (DH) domain in tandem with a pleckstrin ho- c-Jun kinase (JNK) activation, SRF transcriptional activation,

mology (PH) domain, the conserved motifs of the Dbl family. and NF-KB activation, are associated with the activation of
Many members of this family, including Vav, Ect2, Tim, Ost, signaling pathways known to be mediated by the Rho GTPase

Dbs, Lbc, Lfc. Lsc, and Net, possess transformation or invasion effector targets (24, 30, 36, 48). Therefore, the ability to inter-
ability, similar to onco-Dbl upon activation. In many cases, the act and activate Rho proteins is essential for Dbl family func-
DH-PH module represents the minimum structural unit that is tions.
required for cell transformation (8, 50). Current biochemical and structural data have pointed to the

A large body of evidence has helped establish that the bio- conserved structural motif of the Dbl family, the DH domain,
logical functions of Dbl family members are intimately de- as the primary interactive site with Rho GTPases (2, 20, 31, 44,
pendent upon their ability to interact with and activate Rho 54). The DH domain does not have significant sequence ho-
GTPases and that the cellular effects of Dbl-like proteins, mology with other subtypes of small GTPase activators such as
including actin cytoskeletal reorganization, cell growth stimu- the Cdc25 domain and Sec7 domain, which are specific to Ras
lation, and transformation, are likely the consequences of co- and ARF, respectively (6, 14), indicating that the DH-Rho
ordinated action of their immediate downstream substrates, protein interaction employs a distinct mechanism (9). Dele-
the Rho family GTPases (8, 47, 50). The evidence includes the tions or mutations within the DH domain have been reported
findings that Dbl family oncoprotein-induced foci are morpho- to result in loss of GEF activity and cellular functions by the
logically similar to those transformed by constitutively acti- GEFs (20, 40, 43, 54, 55), suggesting that an intact DH domain,
vated Rho GTPases but distinct from that seen when cells are likely its Rho GTPase-interactive ability, is critical for the

transformed by Ras, Raf, or Src (23); coexpression of Dbl cellular effects of Dbl family members.
family members with dominant negative mutants of Rho family The invariable location of a PH domain immediately C-

terminal to the DH domain of the Dbl family GEFs suggests a
functional interdependence between the two domains. Indeed,

* Corresponding author. Mailing address: Department of Molecular a regulatory role of the PH domain in the function of Dbl
Sciences, University of Tennessee. 858 Madison Avenue, Memphis, amily rs ha bee recogniz Derivative of Dbl
TN 38163. Phone: (9(11) 448-5138. Fax: (911) 448-7360. E-mail: yzheng family members has been recognized. Derivatives of the Dbl

(Qý,utmem.cdu. family members onco-Dbl, Lbc, Lfc, and Dbs that are trun-
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cated within the PH domain are impaired in their transforming forming cells, and presents a basal mode that could be subject
activity (38, 48, 49, 53). In these cases, the PH domain was to modulation by a variety of upstream signals.
found to promote the translocation of the Dbl family pro-
teins to the plasma membrane or cytoskeleton, where the
Rho GTPase substrates reside. It is therefore likely that the MATERIALS AND METHODS

PH domain of the Dbl proteins, acting similarly to the SH2/ Construction of mutant proto-Dbl cDNAs. Constructs pZipneo-onco-Dbl,
SH3 domains in the Ras pathway (10, 39), serves to bring the pZipneoGST-DH-PH, pKH3-DH-PH, pKH3-Cdc42, and KH3-RhoA were gen-

catalytic DH domain to specific intracellular locations to erated as described before (54). Various proto-Dbl truncation mutants, including
TI-T7, NI-N4, and the DH and PH domains (Fig. IA), were generated by PCReffectively activate the Rho GTPases. cloning using the high-fidelity Pfu DNA polymerase (Stratagene) as described

Many members of the DbI family appear to exist in an (28). The resulting constructs in the pZipneo vector were subsequently sequence
inactive, basal state prior to full activation. The incoming up- proofed by automated fluorescence sequencing. The cDNAs encoding TI-T7,
stream signals, such as the heterotrimeric G-protein Got and DH-PH, DH, or PH were subeloned into the pKH3 vector for expression as the

Gp3y subunits, protein tyrosine or serine/threonine kinases, trihemagglutinin (HA 3),tagged proteins in Cos-7 cells. The Myc-tagged N2 and
Flag-tagged Ni constructs were generated by subconing the corresponding

adaptor or scaffolding proteins, and phosphoinositol lipids, eDNA sequences to the pCMV6 and pCMV2B vectors, respectively. The BamHl
may contribute in varying degrees to GEF activation processes fragments encoding TI, N1, and the DH-PH module were also subcloned into
(12, 13, 18, 19, 26, 34, 46). The best-understood example of the Bg~ll and BamHl sites of pVL1392 vector together with the cDNAs encoding

self-regulation among the family members is the proto-Vav the glutathione S-transferase (GST) or His6 sequences for insect cell expression
(51). The N2, N3, and N4 cDNAs were subcloned into the Bainl and EcoRIprotein. The N-terminal autoinhibitory extension of proto-Vav sites of the pGEX-2T vector for expression in Escherichia coli as GST fusions.

forms an a-helix that binds in the DH domain active site The pSR-lbc and pSR-v-ras plasmids used for the transformation assays were
through direct contact with the Rho GTPase binding pocket, described before (52).
blocking access to GTPases (3). Phosphorylation of Tyr174, Expression of recombinant proteins in E. coli and insect cells. Expression and

which is an integral part of the autoinhibition interface, by Syk purification of OST fusion small GTP-binding proteins (GST-Cdc42, (;ST-
RhoA. GST-N17Cdc42, and GST-Nl9FRhoA) from pGEX vector-transformed

or Src-like kinases causes the N-terminal peptide to become E. coli were carried out as described previously (20). Production of GST-N2, -N3,
unstructured and released from the DH domain, resulting in and -N4 and the GST-PH domain of Dbl in E coli was carried out similarly.
proto-Vav activation (3). The yeast Dbl family member Cdc24, Production and purification of the SP) insect cell expressed His,,-tagged TL
which is a Cdc42-specific GEF, forms a protein complex with DH-PH module, or Nt polypeptide were performed as described (51). The

concentration and integrity of purified proteins were estimated by Coomassiethe scaffolding molecule Farl and the GO31 subunits to mediate blue staining after sodium dodecyl sulfate-polyacrylamide gel electrophoresis
the mating response of Saccharomyces cerevisiae (34). Mam- (SDS-PAGE).

malian p115RhoGEF becomes activated as a Rho GEF upon Cell culture and transfection. Cells were maintained in Dulbecco's modified
Ga, 3 binding to its N-terminal RGS domain, suggesting that Eagle's medium (DMEM) supplemented with 10% calf serum (NIH 3T3) or

the coupling between a Get and p115Rho GEF may relieve the 10% fetal bovine serum (Cos-7). Transfections were carried out using the Lipo-
fectamine reagent (Gibco Life Sciences, Inc.). To generate stable cell lines, NIHintrinsic constraint of the DH domain (19). Moreover, phos- 3T3 cells were transfected with pZipneoGST constructs or a combination of the

phorylation of the Racl-specific GEF Tiaml by Ca2 +/calmod- pKH3 construct with pCMV2B vector (Stratagene). which contains a neomycin
ulin-dependent protein kinase II has been shown to lead to its resistance selection marker and were selected in DMEM supplemented with 5%
translocation to the plasma membrane and activation (13), calf serum and 0418 (350 xg/ml). The drug-resistant colonies were cloned and

subcultured in the same medium after 18 days.possibly by interference of the PH domain function of TiamlI, To assay transforming activity, NIH 3T3 cells were transfected with the
which has previously been demonstrated to determine its sub- pZipneo-proto-Dbl constructs onco-Dbl and Ibc or v-ras eDNA by the calcium
cellular location (45). These cases suggest that the Dbl family phosphate method as described (53). For inhibition assays, different doses of the
GEFs employ a diverse range of self-regulatory mechanisms to cDNAs encoding the N-terminal polypeptide NI or N2 in the pCEFL vector or

maintain themselves in the basal state. the pCEFL vector alone were cotransfected with onco-Dbl, lbc, or v-rus cDNAs
into the cells. The transfected NIH 3T3 cells were fed every 2 days with freshProto-Dbl activation occurs through truncation of N-termi- DMEM supplemented with 10% calf serum. At 12 to 14 days posttransfection,

nal 497 amino acids (42), suggesting that the N-terminal half of the cell culture dishes were either visualized directly under the microscope for
the molecule contains a negative regulatory element(s) for the focus formation or stained with a 2% solution of Giemsa for focus scoring (53).
C-terminal DH-PH functional module. A previous database In vitro GDP/(TP exchange assay. The time courses for ['HIGDPiGTP ex-

change of Rho family GTPases in the presence and absence of purified His.-search found limited similarities between the N terminus of tagged or HAo-tagged proto-Dbl mutants were determined as previously de-
proto-Dbl and the intermediate filament protein vimentin, scribed using the nitrocellulose filtration method (51). The GEF reaction buffer
spanning a 300-amino-acid region which was predicted to con- contains I

3
HIGDP-loaded Cdc42 with 20 mM Tris-HCI (pH 7.6), 100 mM NaCI,

sist of an extended a-helical coiled-coil structure (41). How- 10 mM MgCl2, 01.5 mM GTP, and I mM dithiothreitol (DTl) supplemented with

ever, where the inhibitory function resides upstream of the DH various proto-Dbl mutants.
Complex formation and immunoprecipitation. Cos-7 cells were transfecteddomain (residues 498 to 690) and how the N terminus exerts with various proto-Dbl constructs or the N-terminal polypeptide N1 by the

the inhibitory function remain unclear. In the present article, Lipofectamine method (54). At 48 h posttransfection, complex formation be-
we report the finding that proto-Dbl protein involves an in- tween the HA3-tagged proto-Dbl mutants and GST-fused dominant negative
tramolecular interaction between the N terminus and the PH Cdc42 (Nl7Cdc42) were carried out by incubation of the mutant proto-Dbl-

expressing cell lysates with the immobilized GST fusion proteins (54). Complexdomain to maintain an autoinhibited, inactive state. The N- formation between GST-NI, GST-N2, GST-N3, or GST-N4 and the DII-PH,
and C-terminal domain interaction effectively limits the access DH, or PH protein or between the GST-PH domain and the HA,-N1 polypep-
of the Rho GTPase substrates RhoA and Cdc42 to the catalytic tide were carried out similarly. The coprecipitation complexes were probed with
site of the DH domain and masks the intracellular targeting anti-HA monoclonal antibody and visualized with chemiluminiscence reagents

function of the PH domain, resulting in suppression of its GEF (Amersham Pharmacia). To detect coimmunoprecipitation between the N2 poly-
peptide and various Dbl mutants, the Myc-N2-encoding cDNAs in vector

function and a unique perinuclear localization pattern in cells. pCMV6 were cotransfected with the DH-PH, DH, or PH construct in the pKH3
Such an autoinhibition state prevents proto-Dbl from trans- vector into Cos-7 cells, and the cell lysates were subjected to anti-HA immuno-
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B FIG. 1. N terminus of proto-DbI contains an inhibitory motif for

transforming activity. (A) Schematic representation of the structures
0of proto-Db, onco-Dbl, and various deletion mutants. Numbering

refers to proto-Dbl sequences. (B) Focus-forming activities of various
125 proto-DbI constructs in NIH 3T3 cells. The cDNAs encoding various

proto-Dbl mutants were cloned into plasmid pZipneo-GST and trans-

< 100 fected into NIH 3T3 cells (0.1 [Lg/60-mm dish). At 14 days posttrans-

fection, the number of foci was quantified visually after crystal violet

"- 75I staining.

750

50- 
(residues 51 to 135), and GST-PKN. which contains the site required for

25 RhoA-GTP recognition of protein kinase N (residues I to 128), were expressed
and purified in E. coli by using the pGEX-KG vector as previously described (29).

c 0 _ The active. GTP-bound torm of Cdc42 or RhoA in fresh Cos-7 cell lysates

coexpressing the small GTPase and various proto-Dbl constructs was captured by

-- incubation with the GST-fused effector domains for 40 min at 4VC (54),
Fluorescence microscopy. Log-phase growing fibroblasts were seeded at a

0 density of 3 X 104 cells per 12-mm round coverslip (Fisher Scientific) overnight

Mutants before fixation in phosphate-buffered saline containing 4% paraformaldehyde

for 10 min at room temperature. The cells were permeabilized in Tris-buffered

precipitation with an anti-HA monoclonal antibody immobilized on agarose saline containing 0.2% Triton X-I(0 for 5 min and double stained for HA-tagged

beads (Roche Biochemicals). The coprecipitates were washed three times before protein and F-actin using anti-HA monoclonal antibody and rhodamine-phalloi-

being probed with anti-HA or anti-Myc in Western blots, din (Molecular Probes). Coverslips were mounted onto slides in 50% glycerol-

In vivo Rho GTPase activation assay. The glutathione-agarose-immobilized Tris-buffered saline. Stained cells were analyzed with a conventional fluorescence

GST-PAKI, which contains the p21-binding domain (PBD) of human PAKI microscope and a Zeiss confocal microscope (54).
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RESULTS Cdc42, we observed that while DH-PH was very efficient in
accelerating the GEF reaction, such that over 90% of bound

Effect of deletion mutations on proto-Dbi transforming [3H]GDP was dissociated from Cdc42 within 5 min under its
activity. To delineate a possible structural motif embedded stimulation, TI was only marginally active in stimulating the
within the N-terminal sequences that confers an inhibitory GEF reaction, such that only - 10% of Cdc42-bound [3H]GDP
function, we generated a series of deletion mutants of proto- was replaced by GTP within the same time period compared
Dbl in which the N-terminal 101, 171, 285, 348, 407, 442, or 497 with that in the absence of TI (Fig. 2A). Thus, the N-terminal
residues and/or the C-terminal 100 amino acids (TI to T7 and sequences of proto-Dbl negatively regulate the GEF activity of
DH-PH) were removed while leaving the DH-PH module in- the DH-PH module.
tact (Fig. IA). To evaluate the transforming potential of these Next, we examined the catalytic GEF activity of a panel of
proto-Dbl constructs, the respective cDNAs were cloned into proto-Dbl mutants on Cdc42 in vitro. The TI, T4, T5, T6, and
the mammalian pZipneo vector and transfected into NIH 3T3 DH-PH cDNAs in the pKH3 vector, which provides an HA3
cells. As positive and negative controls, pZipneo-proto-Dbl, tag at the N terminus, were transiently expressed in Cos-7 cells,
pZipneo-onco-Dbl, and the pZipneo vector alone were tested and the proteins were purified by immunoprecipitation from
in parallel. the cell lysates by using anti-HA agarose beads. Upon elution

As shown in Fig. IB, under assay conditions in which proto- by HA peptides, the purified deletion mutants were analyzed
Dbl displayed I to 2% of the transforming activity of onco-Dbl, by anti-HA Western blot, and the amount of each protein was
the vector alone consistently yielded null foci. Deletion of the visualized by chemiluminiscence imaging of the blot (Fig. 2B).
C-terminal 100 residues from proto-Dbl (T1) yielded a similar While the T5 and T6 mutants, which lacked the N-terminal 348
number of foci as proto-Dbl itself, indicating that the C-termi- and 407 residues, respectively, showed activities in stimulat-
nal sequences after the PH domain do not contribute directly ing [3H]GDP dissociation from Cdc42 similar to that of the
to proto-Dbl regulation. Sequential removal of the N-terminal DH-PH module, TI and T4, which contain an intact N termi-
sequences, however, apparently unleashed the transforming nus or residues 286 to 825, respectively, were comparable in
activity in a two-step manner: the T2, T3, and T4 constructs, displaying a significantly weaker GEF activity at equal molar
which lack the N-terminal 101, 171, and 285 residues, respec- quantities (Fig. 2C). These results indicate that the N-terminal
tively, displayed a minor increase in transforming activity, with sequences directly impose an inhibitory effect on the GEF
7 to 9% of the transforming activity of onco-Dbl, whereas activity of the DH-PH module. To test if the N terminus
further truncation to residue 348, 407, or 442 (T5, T6, and T7, interacts with the catalytic DH domain, resulting in inhibition,
respectively) resulted in significant activation of transforming the NI polypeptide encoding residues I to 482 was generated
activity indistinguishable from that of onco-Dbl. Since the de- in Sf9 insect cells as a GST fusion and included in the GEF
letion mutants were expressed equally well in NIH 3T3 cells activity assays with the DH-PH module. As shown in Fig. 2D,
and Cos-7 cells, giving rise to polypeptides of the expected no detectable effect was observed when a fourfold molar excess
molecular weights (data not shown; see Western blots de- of GST-N1 was present together with the DH-PH module in
scribed below), the differences between the mutants in trans- stimulating [3H]GDP dissociation from Cdc42 compared with
formation are likely to reflect the true biological activities in DH-PH alone. We conclude that the N terminus of proto-Dbl
cells rather than their differences in stability. Consistent with a interferes with the GEF function through a mechanism other
previous observation (20), the DH-PH module (residues 498 to than direct blockage of substrate binding to the DH domain as
825) behaved like onco-Dbl (Fig. IB), implying that the DH is the case with Vav (3).
and PH domains together constitute the structural module To determine the Rho GTP ase exchange potential of the
sufficient for maximum transforming activity. These results mutants in cells, the HA-tagged proto-Dbl mutants were tran-
suggest that the extreme N terminus (residues I to 101) of siently cotransfected with HA-tagged, wild-type Cdc42 or RhoA
proto-Dbl contains a minor negative regulatory element and in Cos-7 cells. The expression level of the mutants and Cdc42
that sequences between residues 286 and 348 contain an addi- or RhoA could be directly compared (Fig. 3). The relative
tional element(s) that is involved in imposing a major con- amounts of activated GTPases in the cell lysates were mea-
straining effect on the oncogenic activity of the subsequent sured by GST-PAKi or GST-PKN pull-down, which specifi-
DH-PH module. cally recognizes and stabilizes the GTP-bound form of Cdc42

Effect of deletion mutations on the GEF activity of proto-Dbl or RhoA (29). As shown in Fig. 3, both the TI and T4 mutants
protein. The transforming activity of onco-Dbl was found to demonstrated significantly lower Cdc42 activating potential,
correlate closely with its Rho GEF activity (54). We pondered while T5 and T6 were similar to the DH-PH module in their
whether proto-Dbl, under the constraint of the N-terminal ability to generate Cdc42-GTP. Similar observations were also
sequences, is defective in functioning as a GEF for Cdc42 and made when RhoA was examined as an in vivo substrate
RhoA, resulting in the apparent suppression of transforming (data not shown). These results indicate that the cellular Rho
activity. To this end, the TI mutant, which bears the C-terminal GTPase-activating potential of the proto-Dbl mutants corre-
100-amino-acid truncation and functions like proto-Dbl in lates with their in vitro GEF activity. This pattern of GEF
transformation assays, and the DH-PH module, which mimics activity and the Rho protein-activating potential of the mutants
onco-Dbl in both GEF catalysis and transformation ability are reminiscent of the above-described transforming abilities
(20), were expressed in Sf9 insect cells as His6-tagged fusion of the mutants (Fig. 1 B). We deduce from these results that the
proteins and purified by Ni2÷-agarose affinity chromatography. sequences between residues 286 and 348 contain the critical
When equal molar amounts of His6-T1 and His6-DH-PH were structural element(s) that appears to hinder the GEF function
assayed for the ability to stimulate [3H]GDP/GTP exchange of of the DH-PH module and that the lack of transforming ac-
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FIG. 2. GEF activity of proto-Dbl is negatively regulated by the presence of the N-terminal sequences. (A) Time courses of [3H]GDP
dissociation from Cdc42 catalyzed by TI and the DH-PH module. The insect cell-expressed His5 -TI and His6-DH-PH were purified to homoge-

neity by Ni2 +-agarose affinity chromatography. Approximately 10 pmol of each (Ti, solid circles; DH-PH, solid squares; buffer, open circles) was

used to assay GEF activity on -I tg of Cdc42-[3H]GDP in a buffer containing 20 mM Tris-HCI (pH 7.6), 100 mM NaCI, 10 mM MgC1,, 0.5 mM
GTP, and 1 mM DTT. The GEF reactions were terminated at the indicated time points by nitrocellulose filtration. (B) HA 3-tagged deletion
mutants were purified from Cos-7 cell lysates by using the immobilized anti-HA antibody. After elution with 0.2 mM HA peptides, the mutants
were analyzed by Western blot with anti-HA antibody. (C) Effect of deletion mutations on GEF activity. Approximately equal molar amounts of
the mutants purified from Cos-7 cell lysates (20 ;.l) were assayed for the ability to stimulate [3H]GDP dissociation from Cdc42 at various times.

Open circles, buffer; solid circles, Ti; open triangles, T4; solid triangles, T5; open squares, T6; solid squares, DH-PH. (D) Effect of isolated

N-terminal peptide N1 on GEF activity of DH-PH. [3H]GDP dissociation from Cdc42 was assayed in the presence (solid squares and open
diamonds) or absence of His6-DH-PH (open circles and solid diamonds) and an approximately fourfold molar excess of purified GST-NI
(diamonds) at various time points.

tivity of proto-Dbl reflects the suppressive effect on the cata- to the DH domain of onco-Dbl with high affinity (20). After

lytic GEF activity by the N-terminal negative regulatory con- extensive washing the coprecipitates of GST-Nl7Cdc42 were

straint(s). subjected to anti-HA Western blotting. Among the five HA-

Rho GTPase-binding activities of deletion mutants of proto- tagged polypeptides, T5, T6, and the DH-PH module displayed

Dbl. To further investigate the functional properties of the a similarly strong binding pattern to N17Cdc42. T4 bound sig-
various deletion mutants of proto-Dbl, we next compared their nificantly more weakly, and TI binding was barely detectable

abilities to directly bind to the Rho GTPase substrate Cdc42. (Fig. 4). These results are consistent with the relative effec-

Cos-7 cell lysates expressing similar amounts of HA-tagged Ti, tiveness of the mutants in activating the guanine nucleotide

T4, T5, T6, and the DH-PH module (Fig. 4) were incubated exchange of Cdc42 in vitro and in vivo (Fig. 2 and 3) and co-

with the glutathione-agarose-immobilized, GST-fused, domi- incide with the mutants' transformation abilities (Fig. IB). They

nant negative form of Cdc42, N17Cdc42, that is known to bind suggest that the N-terminal residues, particularly residues 285
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FIG. 5. Intracellular distribution patterns of proto-Dbl and various
deletion mutants. (A) Stable transfectants of HA-tagged TI (proto-
Dbl), DH-PH module, DH domain, PH domain, N-terminal NI poly-poto-ldc mutant.-: + + + + peptide, or DH-PH module coexpressed with the N I polypeptide were
generated in NIH 3T3 cells by G418 selection. Cell lysates (-5 X l0)•

Cdc42-GTP - i a cells) of the G418-resistant clones were subjected to anti-HA immu-
noprecipitation followed by Western blotting with anti-HA antibody.

RP ¢(B) Fluorescence microscopy of the cellular localization patterns of the.% 14 proto-DbI mutants. Stably transfected cells were maintained in low1+ serum (2%) overnight before being fixed and double stained as de-
scribed in the text. The cells were analyzed by confocal microscopy
with double filters for fluorescein and rhodaminc. The overlap of

FIG. 3. Cdc42 exchange potential of proto-Dbl mutants in cells. fluorescein and rhodamine images is shown in yellow.
HA3-Cde42 was expressed alone or together with HA-DH-PH, HA-
TI, HA-T4, HA-T5, or HA-T6 in Cos-7 cells. The cell lysates were
probed with anti-HA antibody in a Western blot. The cell lysates were
subjected to a GST or GST-PAKI pull-down assay, and the glutathi- proto-Dbl from that of onco-Dbl, has not been assessed. To
one-agarose coprecipitates were detected by anti-HA Western blotting examine the effect of the N-terminal sequences on proto-Dbl
to reveal the relative amount of Cdc42-GTP in cells. cellular localization and to determine the contribution of in-

dividual structural motifs to the proto-Dbl localization pattern,
to 348, are involved in negative allosteric control of proto-Dbl we have generated stable transfectants of NIH 3T3 cells ex-
activity by limiting the access of Rho GTPase to the catalytic pressing the HA-tagged proto-Dbl (TI), DH-PH module, DH
site on the DH domain. domain, PH domain, or the NI polypeptide (residues I to 482),

N-terminal sequences dictate the intracellular localization as well as a cell clone coexpressing Flag-tagged NI together
pattern of proto-Dbl. Onco-Dbl and the PH domain of Dbl with HA-DH-PH (DH-PH+NI). Western blot analysis of the
were colocalized with Triton X-100-insoluble particulates in anti-HA immunoprecipitates from the respective cell lysates
previous cell fractionation studies (53). Whether the N-termi- confirmed that HA-tagged polypeptides of the expected mo-
nal constraining sequences of proto-Dbl would interfere with lecular sizes were expressed in the cell lines (Fig. 5A). In ad-
the PH domain intracellular targeting function, thereby caus- dition, an anti-Flag Western blot further confirmed that Flag-
ing an alteration in the intracellular distribution pattern of NI was coexpressed with HA-DH-PH in the DH-PH+NI cells

(data not shown). After fixation, the cells were double stained
with anti-HA monoclonal antibody plus fluorescein-labeled an-
ti-mouse immunoglobulin antibody and rhodamine-labeled

,Ib 0 ~ phalloidin to visualize HA-tagged polypeptide distribution and
HA -TI- 41 cellular actin structures. Under a confocal microscope, we
HA.T4-- found that proto-Dbl displayed a mostly perinuclear distribu-
HA'T5-- tion pattern similar to that of the NI polypeptide (Fig. 5B).
-.. H-- ..... The DH-PH module, on the other hand, was found to colo-calize with actin stress fibers, like the PH domain alone,

cell lyatas whereas the DH domain was mostly diffused throughout cells,

with some degree of concentration around the nucleus (Fig.
" "" A ' 4 4 5B). These results are consistent with the previous cell frac-

.A-TI - tionation data showing a significant portion of the DH-PH
HA-T4 - module and the PH domain in the Triton X-100-insolubleHA-TS =-

--T6 fraction and the DH domain mostly in the cytosol (53) and
HA-OH-PH- suggest that the N-terminal sequences in proto-Dbl affect the

GST-I7Cdc42 plldown ST cellular distribution pattern of proto-Dbl. In the NI polypcp-
pull down tide-coexpressing cells, the actin-stress fiber colocalization pat-

FIG. 4. In vitro binding activity of proto-Dbl mutants to GST- tern of DH-PH was disrupted and changed to the mostly pe-
N17Cdc42. Various proto-Dbl constructs were expressed in Cos-7 cells rinuclear localization, similar to that of the NI polypeptide
by transient transfection. A portion of cell lysates was analyzed by alone (Fig. 5B). Thus, the N-terminal sequences of proto-Dbl
anti-HA Western blotting. The cell lysates were incubated with 2 pLg of contain the structural element(s) that dictates the intracel-
GST or GST-Cdc42N17 immobilized on glutathione beads for 1 h at
4°C under constant agitation. After three washes, bound proteins were lular distribution of proto-Dbl. This is likely due to the
detected by immunoblotting with anti-HA antibody. interference of the PH domain targeting function that de-
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termines the localization pattern of onco-Dbl by the N- 120
terminal sequences.

Isolated N-terminal fragment of proto-Dbl inhibits onco-
DbI transforming activity. The negative regulatory function of 100
the N-terminal sequences raised the possibility that the iso- -
lated N terminus of proto-Dbl might interfere with the bi-
ological activity of oncogenic Dbl. To test this hypothesis, s 80
the cDNAs encoding the NI (residues 1 to 482) and N2 IM
(residues 286 to 482) polypeptides were cloned into the E
mammalian expression vector pCEFL and cotransfected . 60
with onco-Dbl into NIH 3T3 cells. Compared with the empty 2C
vector, NI reduced onco-Dbl transforming activity by -90% ."
at a dose of 2 xg/100-mm dish, while N2 consistently caused .• 40
-25% inhibition under similar conditions (Fig. 6). At a lower 1
dose (0.2 [pgi100-mm dish), however, only NI showed signifi- " 20
cant inhibition of onco-Dbl activity. Neither NI nor N2 had a
detectable effect on proto-Dbl transforming activity when the
foci were induced by proto-Dbl overexpression (2 jxg of eDNA/ 0
100-mm dish; data not shown). To confirm that the N-terminal onco-dbl v-ras Ibc
sequence-caused inhibition was specific for onco-Dbl, we ex- x .xO xP O XO X XP X6 p ,•÷
amined the ability of N1 and N2 to affect the transforming 4, *.,, ,4
functions of a dbl-related oncogene, lbc, and oncogenic v-ras. -4, -- 1,
Distinct from their effects on onco-Dbl, neither peptide showed FIG. 6. N-terminal sequences of proto-Dbl specifically inhibit
any sign of inhibiting oncogene-induced focus formation at onco-Dbl transforming activity. NIH 3T3 cells were transfected with
2 l.g of cDNA/dish (Fig. 6). These results indicate that the N pZipneo-onco-Dbl (4 ng/100-mm dish) together with pCEFL vector or
terminus of proto-Dbl can specifically act on onco-Dbl or the cDNAs encoding the NI or N2 sequences in pCEFL vector at theindicated doses (micrograms per 100-mm dish). The lbc oncogenc (0.1onco-Dbl pathway and negatively influence its biological activ- t.g/100-mm dish) together with the pCEFL vector or the NI or N2
ity. cDNA in the pCEFL vector (2 jig/dish) or oncogenic v-ras cDNA (0.1

Interaction of N-terminal sequences with the PH domain of jtg/dish) together with vector or the NI or N2 cDNA (2 jig/dish) in
proto-Dbl. The above-characterized negative regulatory func- pCEFL were cotransfected in parallel. The focus-forming activity of
tion of the N terminus of proto-Dbl could be rationalized by an each oncogene cotransfected with the empty pCEFL vector was set at

100%. The relative focus-forming activities represent results from fourintramolecular interaction involving the N-terminal regulatory independent experiments.
sequences and the C-terminal functional module, thereby af-
fecting the GEF activity of the DH domain and the intracel-
lular targeting function of the PH domain. To test this hypoth- main at a detectable level. N2, but not N3 or N4, was capable
esis, we first employed a glutathione-agarose pull-down assay of binding directly to the PH domain. These results imply that
using the insect cell-expressed GST-N1 peptide as a probe to the region between amino acids 286 and 348 contains an im-
detect possible interaction with the C-terminal functional mo- portant element(s) that is involved in interaction with the PH
tifs, i.e., the DH-PH module, DH domain, or PH domain. The domain.
DH-PH module, DH domain, and PH domain were transiently To test whether stable association between the N terminus
expressed in Cos-7 cells as HA-tagged proteins, and the cell and the PH domain could occur in cells, a Myc-tagged N2
lysates were incubated with immobilized GST or GST-Ni. As peptide was coexpressed with the HA-tagged DH-PH module,
shown in Fig. 7A, GST-N1 was able to stably associate with the DH domain, or PH domain in Cos-7 cells, and the coimmu-
DH-PH module and the PH domain but not with the DH noprecipitation pattern of Myc-N2 with the HA-tagged pro-
domain, whereas the GST control did not bind to any of the teins was determined. In contrast to the lack of detectable
three proteins. When the N1 polypeptide was expressed in association by HA-DH, both HA-DH-PH and HA-PH formed
Cos-7 cells and subjected to the pull-down assay with the im- a stable complex with Myc-N2, as revealed by the anti-Myc
mobilized GST-PH domain, we found that GST-PH was able Western blot of the anti-HA immunoprecipitates (Fig. 7D).
to tightly bind to HA-N1 in the glutathione-agarose coprecipi- Thus, the N-terminal sequences of proto-Dbl can bind tightly
tates under conditions in which GST alone did not interact to the C-terminal PH domain in cells and are likely to do so
with N1 (Fig. 7B). Therefore, the N-terminal 482 residues of intramolecularly. Such an interaction may have a direct impact
proto-Dbl can form a physical complex with the C-terminal on both the GEF activity and intracellular localization of
DH-PH functional module via the PH domain. proto-Dbl, which are essential for its transforming activity,

To further delineate the region of amino acids in the N causing the observed autoinhibitory behaviors.
terminus that may contribute to direct interaction with the PH
domain, the sequentially deleted N2, N3, and N4 polypeptides, DISCUSSION
encoding residues 286 to 482, 349 to 482, and 408 to 482,
respectively, were employed as GST-tagged probes to detect Although most Dbl family members contain diverse multi-
possible binding to the PH domain. Figure 7C shows that while functional motifs, they all have the structural array of a central
none of the three N-terminal peptides bound to the DH do- DH domain in tandem at the carboxyl terminus with a PH
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A domain. Previous studies of onco-Dbl have established that the
DH domain is primarily responsible for Rho GTPase binding

10+ d÷'? € #os• and GEF activity, while the PH domain is involved in intracel-

- HA-OH-PH lular targeting and is necessary for the transforming activity of

onco-Dbl (8, 50). Truncation of the N-terminal 497 residues of

m -HAH proto-Dbl results in oncogenic activation (42), suggesting that

HA-PH the N-terminal sequences contain negative regulatory elements
imposing a constraint on the C-terminal DH-PH module. To

MAI11 pullw G•,k.r c.0 t. date, the mechanism which the N terminus employs in the

B negative regulation of proto-Dbl activity and the regions of the

molecule contributing to the regulation remain unclear. In this

study, we provide direct evidence that proto-Dbl adopts an
HA-Hi - .. t-HA blot autoinhibitory mechanism for controlling its biochemical and

, % biological activities. We identified the region between amino

acids 275 and 349 as a critical inhibitory motif that impairs

GEF catalytic activity and the intracellular targeting activity of

the DH-PH module. The autoinhibitory effects are likely to

arise through direct intramolecular interaction of this region
with the PH domain, limiting the access of Rho GTPases to the

HA-OH ... . DH domain and masking the intracellular targeting function of

HA4M - the PH domain. Such an autoinhibitory mode may be optimal

for proto-Dbl regulation, since incoming upstream signals

% , %, could exert their effects by modulation of either the N-terminal

\ ,motif or the C-terminal PH domain.
Inhibitory effects of N-terminal sequences of proto-Dbl on

HA-PH . . .the DH-PH module. Our previous structural mapping studies

HA-PH: -.... indicate that the DH-PH module of Dbl represents the mini-
HA-PH-- mum constitutively active structural unit that confers Rho

SGTPase exchange activity and cell-transforming potential (20).

We show here that the presence or absence of the C-terminal
100 amino acids just outside the PH domain did not cause any

\ \\ *change in transforming activity for either proto-Dbl or onco-

Dbl, indicating that these sequences are not involved in regu-

mutant: H-PH DH PH lation of the DH-PH module. A series of deletion mutations
myc.N2: +. . .into the N terminus resulted in an apparent two-step activation

HA-OH-PH - of the proto-Dbl transforming activity: removal of the N-ter-

anti-AIP minal 100 or 274 residues caused minor but significant en-

HA-OH - 4 hancement, while further truncation to residue 348 led to full-
HA-PH - A blown activation of the focus-forming activity that is similar to

anU-HA b the capacity of the DH-PH module (Fig. 1). These results

myc-N2 -- - onti-HA coAP prompted us to speculate that the N-terminal sequences im-

pose a two-layer regulatory mechanism on the DH-PH mod-
"ule. The N-terminal 100 residues and sequences between res-

FIG. 7. N-terminal sequences of proto-Dbl interact directly with idues 275 and 349 either act independently in negatively
the PH domain. (A) GST-N I polypeptide forms a stable complex with
the DH-PH module or the PH domain of proto-Dbl. The DH-PH controlling the DH-PH activity or act coordinately so that the

module, DH domain, or PH domain was transiently expressed in Cos-7 N-terminal 100 residues may further reinforce the negative

cells as an HA-tagged protein. About 2 •g of GST or GST-N1 immo- constraint imposed by the following sequences. This is analo-
bilized on glutathione-agarose beads was incubated with the cell ly- gous to the situation of the vav proto-oncogene product, in
sates for 1 h at 4°C. After three washes, the agarose bead coprecipi- which removal of the N-terminal 66 or 127 residues led to only
tates were subjected to anti-HA Western blotting analysis. (B) PH
domain complexes with NI polypeptide of proto-Dbl in vitro. Immo- partial activation of the transforming activity, while full acti-

bilized GST or GST-PH (-2 •g/sample) was incubated with Cos-7 vation was achieved by truncation of the N-terminal 186 resi-

lysates expressing HA-NI, and the coprecipitates were detected by dues (1).
anti-HA immunoblotting. (C) Immobilized GST-N2 (residues 286 to The cellular transforming activity of Dbl is intimately de-
482), GST-N3 (349 to 482), or GST-N4 (408 to 482) was incubated
with cell lysates expressing HA-DH or HA-PH. The association of the pendent upon its catalytic GEF activity on Rho GTPases (54).

HA-tagged DH or PH domain with the GST fusion coprecipitates was The inhibitory effects of deletions of proto-Dbl on transforma-

detected by anti-HA Western blot. (D) DH-PH module and the PH tion indeed reflect their relative GEF activities on Cdc42 and
domain but not the DH domain associate with the N2 polypeptide in RhoA when the purified mutants were tested in vitro (Fig. 2).
cells. The Myc-tagged N2 polypeptide was coexpressed in Cos-7 cells The N terminus appears to potently inhibit the GEF ability of
with the HA-tagged DH-PH, DH, or PH construct. Cell lysates were
subjected to anti-HA immunoprecipitation (IP) followed by anti-HA the DH-PH module, implying that an intramolecular interac-

or anti-Myc Western blotting. tion is at work in the regulatory mechanism. Residues 275 to
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Dbl family guanine nucleotide
exchange factors
Yi Zheng

The Dbl family of guanine nucleotide exchange factors are multifunctional molecular mechanisms underlying the biochemical
molecules that transduce diverse intracellular signals leading to the activation activities of Dbl family GEFs. The mode of regulation
of Rho GTPases. The tandem Dbl-homology and pleckstrin-homology domains of Dbl family members and the mechanistic
shared by all members of this family represent the structural module interactions between the GEFs and Rho GTPase
responsible for catalyzing the GDP-GTP exchange reaction of Rho proteins, substrates are discussed in depth.
Recent progress in genomic, genetic, structural and biochemical studies has
implicated Dbl family members in diverse biological processes, including Evolution and biological functions
growth and development, skeletal muscle formation, neuronal axon guidance The DH domain does not share significant sequence
and tissue organization. The detailed pictures of their autoregulation, agonist- homology with other subtypes of small G-protein
controlled activation and mechanism of interaction with Rho GTPase GEF motifs such as the Cdc25 domain and the Sec7
substrates, have begun to emerge. domain, which specifically interact with Ras and

ARF family small GTPases, respectively, nor with

The dbl oncogene product was originally isolated other Rho protein interactive motifs, indicating that
from a diffuse B-cell lymphoma. Subsequent amino the Dbl family proteins are evolutionarily unique.
acid sequence analysis found that a region in the Recently completed genome sequencing projects
central portion of the Dbl protein, now known as the have revealed that there are at least three Dbl family
Dbl homology (DH) domain, shares significant GEFs in Saccharomyces cerevisiae, 18 in
similarity with the yeast cell division cycle protein Caenorhabditis elegans, 23 in Drosophila
Cdc24 and the human break point cluster region melanogaster and 46 in Homo sapiens 151. This
protein Bcr. Suspicion that Cdc24 might act number might increase further when detailed
upstream of the GTPase Cdc42 in yeast led to the annotations of the genomic sequences become
finding that both Dbl and Cdc24 function as guanine available; indeed, there are at least 20 additional
nucleotide exchange factors (GEFs), stimulating the partial sequences in the human genome that appear
replacement of GDP bound to specific Rho family to encode DH domain-containing proteins. The
GTPases with GTP [1,21. Over the past decade, number ofGEF substrates (i.e. Rho family GTPases)
many proteins have been placed in the Dbl also increases with evolution, from six in
family because they contain a DH domain and a S. cerevisiae to 18 in human, but they are far
tandem pleckstrin homology (PH) domain that is outnumbered by the positive regulators in higher
invariably located immediately C-terminal to the eukaryotes, suggesting that the function of
DH domain. individual GEFs is more specialized in mammals.

The current biochemical model depicts that Dbl Indeed, many mammalian Dbl family members are
family GEFs function immediately upstream of Rho tissue- and cell-type specific, and their biochemical
GTPases (Fig. 1). Stimulation ofgrowth factor GEF activities range from being highly selective for
receptors, cytokine receptors, cell-to-cell or one Rho GTPase substrate to more promiscuous
extracellular matrix-to-cell adhesion receptors, or the towards multiple Rho proteins (Table 1).
G-protein-coupled serpentine receptors, can all The first genetic evidence ofDbl family functions
initiate intracellular signals that lead to Rho GTPase came from studies of Cdc24, a bud site assembly
activation, a process that probably involves Dbl molecule in S. cerevisiae whose function is closely
family members. Concomitantly, the incoming signals associated with that of Cdc42 13]. Disruption of
might also modulate Rho GTPase-activating proteins CDC24 led to cell death, indicating that Cdc24 had an
(RhoGAPs) and Rho GDP-dissociation inhibitors essential role in cell growth. Various Cdc24 mutant
(RhoGDIs), both of which serve to negatively regulate phenotypes also imply that Cdc24 is an essential
Rho functions, resulting in elevated levels of Rho- component regulating vegetative growth, cell mating,
GTP. The active Rho species interact, in turn, with a polarity establishment and cell orientation 16 1. Rom2,Yi Zheng

Dept of Molecular large array ofeffector targets that further relay the another Dbl family member of budding yeast that can
Sciences, University of signals to downstream signaling components, suppress mutations of the phosphatidylinositol
Tennessee Health Science resulting in diverse biological responses (Fig. 1; kinase (P13K) homolog tor2, appears to be the
center, Memphis, reviewed in Refs [3,4]). physiological activator ofRhol and Rho2 GTPases,
TN 38163, USA.
e-mail: yzheng (• This review focuses on recent progress in our and acts in the Tor2-RholiRho2 pathway controlling
utmem.edu understanding of the biological functions and the actin cytoskeleton and cell shape 17 1.
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